The feasibility of identifying parasite DNA and specific mRNAs from wild caught Anopheles dirus mosquitoes was assessed using dried mosquito salivary glands preserved on filter paper. We were able to detect Plasmodium falciparum, Plasmodium vivax This study also shows that the preservation of mosquito salivary glands on filter paper, and the down-stream extraction of parasite DNA and RNA from those, offers a powerful resource for molecular epidemiological studies on malaria.
sporozoite-negative mosquitoes varied from non-engorged to fully engorged.
In order to assay the sensitivity of the parasite DNA and mRNA extraction process and down-stream molecular analyses, P. falciparum clone 3D7-9A was used as a gametocyte-producing positive control and clone FCR3-F3 was used as a negative control (Maeno et al., 2008) for PCR and reverse transcription (RT)-PCR experiments. Positive control DNA for P. vivax and P. malariae was obtained from Giemsa stained blood films. Plasmodium knowlesi H stain (ATCC No. 30158) donated by Dr. Kawai, Dokkyou University, Japan, was used as a positive control. Plasmodium Knowlesi-infected blood was taken at a parasitemia of 28.3% from a 4 year-old male Macaca fuscata inoculated with the frozen isolate of P. knowlesi, treated with 0.15% saponin after removing white blood cells, washed with PBS and frozen. Twenty-five microliter aliquots of parasitized culture blood, 3D7-9A, FCR3-F3 and the frozen isolate of P. knowlesi, were spotted onto chromatography-grade filter papers (ET31CHR; Whatman, Maidstone, UK). Each blood-spotted filter paper was immediately air-dried and stored in a sealed plastic bag at room temperature until RT-PCR or PCR analysis was performed. To examine the detection limit for mosquito salivary gland-extracted parasite mRNA, salivary glands from laboratory reared Anopheles stephensi were prepared in the same way as were the wild-caught An. dirus. Salivary glands were dissected from laboratory colony reared An. stephensi more than 1 week after blood feeding on either mouse or human blood and dried on E31CHR filter paper at room temperature. Gametocyte suspensions were obtained from cultured 3D7-9A by pyrimethamine treatment at 10 -6 M from day 7 after thawing until harvest on day 12. Ten times serially diluted cultured gametocyte suspension was added to the spot on the filter paper where the salivary glands were attached. Extraction of RNA and reverse transcription was carried out as previously described (Maeno et al., 2003) . Briefly, dried spotted filter paper was cut into small pieces and total RNA and genomic DNA (gDNA) was extracted with ISOGEN (Nippon gene, Tokyo, Japan) according to the manufacturer's instructions. The extracted total RNA was transcribed to synthesize cDNA which was subsequently subjected to PCR using specific Osaka, Japan), and 1 x PCR buffer (containing 2 mM MgCl 2 ). Target cDNA or gDNA was amplified using a PCR protocol consisting of a denaturation step (94˚C, 2 min) followed by 35 amplification cycles (94˚C, 1 min; 55˚C, 30 s; and 72˚C, 1 min), and a final extension step (72˚C, 5 min). Detection and identification of ssrRNA-DNA of human Plasmodium spp. in mosquitoes were carried out as previously described by a semi-nested multiplex PCR (Lardeux et al., 2008) .
Plasmodium knowlesi ssrRNA-DNA in mosquitoes was separately detected by two methods (Singh et al., 2004; Putaporntip et al. 2009 ). Detection of the CSP gene of P. knowlesi was carried out as previously described (Vythilingam et al., 2008) . Primer sequences for region 3 of pfg377 mRNA and gDNA (Menegon et al., 2000) , pfs16 mRNA (Niederwieser et al., 2000) , ssrRNA-DNA of human Plasmodium spp. (Lardeux et al., 2008) , and ssrRNA-DNA of P. knowlesi (Singh et al., 2004) and the CSP gene of P. knowlesi (Vythilingam et al., 2008) Piscataway, NJ, USA). The reaction products for sequencing were separated with an ABI Prism 310 Genetic Analyzer (Perkin Elmer) and the resulting nucleotide sequences were compiled using Vector NTI Advance (Invitrogen, Carlsbad, CA, USA).
The detection limit of parasite mRNA by RT-PCR was one gametocyte per salivary gland for pfg377 mRNA and 10 gametocytes per gland for pfs16 mRNA (Fig. 1A) . We extracted both parasite gDNA and mRNA from the salivary glands of wild caught mosquitoes. Region 3 of pfg377 mRNA was detected in all of the three dried salivary gland samples and both the mRNA and gDNA of pfg377 were detected in two samples (Fig. 1B) . The PCR products showed the same molecular size as the RT-PCR products by electrophoresis. No PCR product was observed by RT-PCR for pfg377 mRNA and pfs16 mRNA using RNase-treated RNA as a template, while DNase treatment of the RNA preparation did not abolish the positive RT-PCR amplification (data not shown). Similarly, no PCR product was observed using DNase-treated gDNA as a template. These results indicate that the RT-PCR product was not derived from gDNA contaminants. The types of pfg377 allele detected in the three samples were A and C according to our previously reported categorization (Maeno et al., 2008) and were confirmed by sequencing of the pfg377 PCR products (Table 1) . We then carried out conventional PCR for further malaria parasite species typing of P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi. ssrRNA-DNA of P. falciparum and P. malariae was detected in sample No. 29 (Fig.1C) . ssrRNA-DNA of P. falciparum, P. vivax and P. knowlesi were detected from sample No. 30 (Fig. 1C, D) . was confirmed by PCR for the CSP gene and by sequencing of the specific PCR product. However, the molecular size of the PCR product was not identical to that of the P. knowlesi positive control ( Fig. 2A) . The CSP gene DNA sequence showed a homology of more than 97.9% with the reported sequences of the P.
knowlesi CSP gene (Fig. 2B ). To confirm that P. knowlesi produced sporozoites in An. dirus, CSP and SSP2 mRNA were detected by RT-PCR. Both of these mRNAs
were not detected in the P. falciparum, P. vivax or P. knowlesi gDNA controls but were detected in sample No. 30 (Fig. 2C) . To exclude the possibility that the mosquito salivary glands were contaminated with human blood containing parasites, the presence of human G3PDH mRNA was examined and was positive only in sample No. 29.
We were able to successfully extract malaria parasite RNA and DNA from mosquito salivary glands dried on filter paper prepared from laboratory mosquitoes (An. stephensi) and wild caught mosquitoes (An. dirus), to experimentally detect as few as one parasite in a salivary gland using pfg377 mRNA, and determine parasite species in the salivary glands of three wild caught mosquitoes. It is possible that the positive results we achieved for the amplification of parasite RNA and DNA from mosquito salivary glands may have been due to contamination of the salivary glands by infected human blood (from the mosquitoe's most recent blood meal), and not due to the presence of sporozoites in the glands. However, we consider this unlikely, as in samples
Nos. 28 and 30, sporozoites were identified in salivary glands by microscopic observation and human G3PDH mRNA was not detected. We have shown, therefore, that filter paper stored dried salivary glands of mosquitoes can be used in molecular epidemiological studies of malaria transmission. In this study we found that one mosquito carried P. falciparum, P. vivax and P. knowlesi parasites. We initially identified the presence of P. knowlesi in this sample by PCR for ssrRNA-DNA and by PCR and sequencing of the CSP gene. Furthermore,
we identified the presence of sporozoite stage-specific mRNA in this sample by RT-PCR of CSP and SSP2, and excluded the possibility of infected human blood contamination of the glands by the failure to detect human G3PDH mRNA.
Plasmodium knowlesi, the non-human primate malaria parasite (Coatney et al., 1971) , is currently in the process of being accepted as the fifth human malaria parasite (Nishimoto et al., 2008) . Based on a study by Chin et al. (1968), we can offer at least two scenarios for the presence of both P. knowlesi and the human malaria parasites in this mosquito; firstly, the mosquito was infected with all three species either at once or sequentially from humans only; second, the mosquito was infected with P.falciparum and P. vivax from feeding on a human, and independently acquired P. knowlesi from feeding on a monkey. This mosquito was caught in the forest fringe zone, about 800 m from Nga Hai village, which is situated in a clearing surrounded by forest and a banana plantation. Local people report regular sightings of monkeys in this area, which are presumably attracted by the banana plantation. One mosquito was infected with P. knowlesi among 17 sporozoite-positive mosquitoes from this area on which malaria parasite species typing was performed. Many more mosquito samples will require analysis in order to assess the prevalence of P. knowlesi in this mosquito population. To our knowledge this is the first report of the detection of P. knowlesi together with P. falciparum and P. vivax in an individual mosquito from a population that acts as the principal human malaria vector in a given area. Studies on P. knowlesi transmission in Malaysia (Vythilingam et al., 2006 (Vythilingam et al., , 2008 identified a vector species that, although belonging to the Anopheles leucosphyrus group, is at present not implicated in the transmission of human malaria parasites. Our report shows that P.
knowlesi transmission occurs in the Khanh Phu area of Vietnam, and has the very real potential to infect the human population in this region.
Our mosquito sample preservation and parasite DNA and RNA extraction processs were performed without the harsh conditions associated with methods such as Chelex 100 extraction. Furthermore, salivary glands were considered to be free of the PCR inhibitors associated with other mosquito tissues (Schriefer et al., 1991; Snounou et al., 1993; Arez et al., 2000) . We consider that these factors contributed to our success in identifying mixed species infections in wild-caught mosquitoes.
The analysis of malaria parasites from dried mosquito salivary glands provides a powerful molecular epidemiological technique which will be of great benefit in elucidating the relationships between human and monkey malaria parasites in regions where the transmission of both types of parasite occurs. 
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